1. Non-conjugated unsaturated acid derivatives are obtained by treating conjugated dienals in superheated fluids in one-step.
Introduction
Unsaturated acids and their derivatives are important substances to show various bioactivities. For example, naturally occurring unsaturated fatty acids, such as arachidonic, docosahexaenoic, and eicosapentaenoic acids, are quite important bio-precursors that lead to regulating reagents in bodies [1, 2] . Almost all naturally occurring fatty acids contain the Z-configuration in their double bonds, which is less stable than the E-configuration. In addition, simple (Z)-alk-3-enoic acids bearing one non-conjugated double bond are important in vivo, some of which are pheromones of certain coleopterous insects or intermediates used in their syntheses [3] [4] [5] . Moreover, a brominated (Z)-alk-3-enoic acid derivative exhibits cytotoxicity against cultured cells [6] ; 3-unsaturated amino acids are known to function as specific enzyme inhibitors and pyridoxal phosphate dependent enzymes [7, 8] ; and an ester derivative is a potent odorant in Japanese Green Tea [9] . Furthermore, (Z)-alk-3-enoic acid derivatives are the possible precursors of γ-lactones with alkyl chains exhibiting pheromone characteristics [10] .
Intense research to obtain thermodynamically less-stable Z isomers of non-conjugated unsaturated hexenoic acids and their related compounds has led to several methods for selective hydrogenation using transition metal complexes. Hydrogenation of sorbic acid catalyzed by Cr(CO) 6 [11] or [Cp*Ru] + [12, 13] , which fixes two double bonds of sorbic acid to s-cis conformation in the metal center, is a typical method. The classical P-2 Ni catalyst is also available through the hydrogenation of unsaturated acid bearing a triple bond [4, 5] . Olefin metathesis using the Grubbs' II catalyst is employed to afford cyclic derivatives containing a double bond with the Z-configuration followed by ring cleavage [14] . Lithium-ammonia reduction of 2-thiophenecarboxylic acid [15] and the addition of alcohol to ketene intermediate from corresponding acid chloride in situ [16] also appeared in the literature.
In contrast, much attention has been paid to superheated fluids such as subcritical water (sub-CW) [17] , supercritical water (SCW) [17] , and supercritical alcohols [18, 19] from the perspective of green reactions because of their unique properties. For example, extremely strong complexation effect under high pressure produces solvent clusters around the solute molecules, which leads to strong interactions between the solute and solvent molecules. In addition, a major characteristic of superheated fluids is that their inherent high temperatures cause vigorous vibration of the molecules in the system, which leads to high reactivity between them. By employing these remarkable properties, intriguing reactions were reported, such as the Beckmann rearrangement of cyclohexanone oxime [20] , pinacol rearrangement of 2,3-dimethyl-2,3-butanediol [21] , and Cannizzaro reaction of formaldehyde [22] , acetaldehyde [23, 24] , and benzaldehyde [25] in SCW without any catalyst. Through the researches, we recently disclosed a series of unique reactions, such as non-catalytic green oxidation of alcohols in SCW without any oxidant to give ketones and hydrogen gas [26] , highly selective non-catalytic Oppenauer oxidation of alcohols in SCW [27] , the first direct observation of radical species in sub-CW by means of ESR [28] , easy permethylation of catechols in SCW [29] , and effective aldol reactions in sub-CW [30] .
These studies allowed us to delineate the organic transformations of conjugated dienals into non-conjugated unsaturated acids with Z-form by thermal intramolecular rearrangement in superheated fluids. We now present an example of metal-free, non-catalytic, and simple preparation of (Z)-alk-3-enoic acid from (2E,4E)-alka-2,4-dienal in sub-CW.
Material and methods

General information.
(2E,4E)-Hexa-2,4-dienal and (2E,4E)-hexa-2,4-dienol were purchased from Alfa Aesar. Cinnamaldehyde, acetophenone, benzaldehyde, 3-methylbut-2-enal, m-xylene, 2,4-dinitrophenylhydrazine, and benzyl alcohol were purchased from Nacalai Tesque General procedure for reactions in subcritical water.
(2E,4E)-Hexa-2,4-dienal and reverse osmosis water, in which the dissolved oxygen was removed by N 2 gas bubbling for 30 min, were introduced into an SUS 316 batch-type reactor (10 mL volume). To remove the oxygen in the reactor, the reactor was purged with N 2 for 10 min and sealed with a screw cap, which was equipped with a thermocouple for measuring the inner reactor temperature. The reactor was then placed in a molten salt bath, which was maintained at an appropriate temperature and heated 
Results and discussion
(2E,4E)-Hexa-2,4-dienal (1a) was treated in sub-CW under different conditions of reaction temperature, reaction time, and water amount (Scheme 1 and Table 1 ). When the reaction was performed under the conditions of 250 °C, 10 min, and 0.10 g/mL water amount, the reaction proceeded smoothly to afford mainly (Z)-hex-3-enoic acid (2a, 29%) and a by-product 2-methycyclopent-2-enone (3a, 1%) with 19% recovery of dienal 1a (entry 4). It is quite noteworthy that the Z isomer of 2a was easily obtained simply by starting from all E dienal without using any metal catalyst. Interestingly, the diene moiety of 1a was reduced to monoene and the aldehyde moiety was oxidized to carboxylic acid in one step, which is an example of intramolecular redox reactions. For intermolecular redox reactions of aldehydes, the conventional Cannizzaro reaction is well known to simultaneously give a reduction product of alcohol and an oxidation product of acid under strongly basic conditions. However, when the Cannizzaro reaction is performed under sub-CW and SCW conditions, the reaction proceeds even without a catalyst [22] [23] [24] [25] . For intramolecular redox reaction of conjugated enals, unique catalytic intramolecular redox reactions of enals affording saturated acids as well as lactones were reported [31] . However, our reaction is, to the best of our knowledge, the first 
Scheme 1.
Reactions of (2E,4E)-hexa-2,4-dienal (1a) and (2E,4E)-deca-2,4-dienal (1b) in sub-CW.
Table 1
Reaction of (E,E)-dienal 1a in sub-CW.
When the present reaction was applied to (2E,4E)-deca-2,4-dienal (1b) with a long alkyl chain under similar reaction conditions of 250 °C, 30 min, and 0.35 g/mL water amount, corresponding (Z)-dec-3-enoic acid (2b), which is a precursor of a γ-lactone derivative exhibiting pheromone character [11] , was nicely obtained in 20% yield. For conjugated ketone derivatives such as (2E,4E)-1,5-diphenylpenta-2,4-dien-1-one (6) and (3E,5E)-6-methylhepta-3,5-dien-2-one (10), however, a remarkable difference in reaction behavior was observed to continuously produce retro-aldol products cinnamaldehyde (7), acetophenone (8), benzaldehyde (9) , and 3-methylbut-2-enal (11) in addition to a cyclization product, m-xylene (12) . Judging from these results, the aldehyde group is indispensable for the intramolecular redox reactions and the cyclization. The formation of 12 can be explained by thermal electrocyclic reaction of a 6π electron system of enol generated by tautomerism of 10 followed by dehydration [32, 33] .
Scheme 2.
Reaction of dienones in sub-CW.
Concerning the formation of cyclopentenones, Miller et al. reported the reaction of dienal derivatives via Nazarov-type cyclization or hetero [π4a+π2a] concerted bond formation [34] . However, the critical differences between their and our reactions are the configuration of double bonds in the reactants and the use of catalysts. The researchers specifically used 2Z,4E-isomer as a substrate in dichloromethane in the presence of strong Lewis acids as catalysts, while we used 2E,4E-isomer and only water without any catalyst. Similar cyclization was reported for the congested dienal with plural sterically bulky groups via a ketene intermediate as a special case [35] ; however, non-substituted simple dienal 1a was used in our reaction.
As plausible reaction pathways, we propose two possibilities via ketene intermediate Table 2 ). Alcohol 15 should be produced by Meerwein-Ponndorf-Verley (MPV) reduction of aldehyde 1a in the presence of a large excess amount of benzyl alcohol because the reaction conditions were the variant of representative non-catalytic MPV reduction [19] . Thus, it is truly noteworthy that the ester was obtained as a main product from aldehyde directly even though under MPV reduction conditions.
Scheme 5.
Reaction of (E,E)-dienal 1a in superheated benzyl alcohol.
Table 2
Reaction of 1a in superheated benzyl alcohol.
The bifunctionality of the unsaturated acid prompted us to further study chemical promising for application to organic syntheses.
Scheme 6.
Tandem intramolecular oxidation-ring expansion affording cis-γ-lactone 16.
Conclusions
In summary, the organic one-step transformation of conjugated dienals into non-conjugated unsaturated acid derivatives was achieved in superheated fluids. It is of importance that thermodynamically less-stable Z isomers of unsaturated acid derivatives were produced mainly by simple treatment of all E-dienals in superheated fluids. In addition, the obtained non-conjugated unsaturated acid was converted to the biologically active γ-lactone with a hydroxyl group by hydrogen peroxide in one step. Table 1 Reaction of (E,E)-dienal 1a in sub-CW. a a 100 mg (1.04 mmol) of 1a was reacted. Mean value is given for a minimum of three runs.
Standard deviation is shown in parentheses. b Water amount was defined as the weight of water (g)/reactor volume (mL). Table 2 Reaction of 1a in superheated benzyl alcohol. 
